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RESUMO 
 
Neste estudo o objetivo foi avaliar o perfil de emissão do feixe de luz e o espectro de 
emissão de LEDs monowave e polywave e sua influência no grau de conversão de 
compósitos resinosos bulkfill contendo diferentes fotoiniciadores. Aparelhos 
fotoativadores de LED do tipo monowave (SmartLite Focus, Dentsply) e do tipo 
polywave (Valo, Ultradent) foram caracterizados por: análise de espectrometria 
(CheckMARC) para mensuração da emissão radiante (mW/cm2) (n=3),  análise de 
espectrofotometria de emissão (MARC Resin Calibrator) para mensuração da 
exposição radiante por comprimento de onda (mW/cm2/nm) (n=3) e análise da 
homogeneidade do feixe de luz (LBA-USB-L070 Beam Profiler, Ophir-Spiricon, MA, 
EUA) (n=3). Compósitos do tipo bulkfill contendo canforquinona (CQ) (SonicFill 2, 
A2, Kerr) ou CQ associada a fotoiniciadores alternativos (Tetric EvoCeram Bulkfill, 
IVA, Ivoclar Vivadent) foram inseridos em  cavidades padronizadas de resina acrílica 
(n=3) (6x6 mm, 4 mm de profundidade) e fotoativados com LEDs monowave ou 
polywave. Os fotoativadores foram posicionados sobre a restauração de forma a 
padronizar as regiões sob emissão da luz violeta e/ou azul. Para mapear o grau de 
conversão, secções longitudinais do centro da restauração (0,5 mm de espessura) 
foram avaliadas por micro espectroscopia FT-NIR. O mapeamento do grau de 
conversão foi realizado em cada secção (6 mm de largura e 4 mm de altura), em 
intervalos entre os pontos de leitura de 0,5 mm na largura e altura. Para o LED 
polywave as regiões sob influência do chips de LED foi de 0 a 2 mm de largura para 
a emissão azul, 2,5 a 4 mm de largura para intercessão entre a emissão violeta e 
azul e 4,5 a 6 mm na largura para emissão violeta. A emissão radiante dos 
fotoativadores transmitida através dos compósitos com 4 mm de espessura foi 
avaliada utilizando MARC Resin Calibrator. Os dados foram analisados 
estatisticamente por análise de variância com parcelas subdividas e teste de Tukey 
(α=0,05; β=0,2). O fotoativador monowave emitiu 20 ± 0,5 J/cm2 em 420-495 nm 
(azul) e o fotoativador polywave emitiu 15,5 ± 0,4 J/cm2 em 420-495 nm e 4,5 ± 0,2 
J/cm2 em 380-420 nm (violeta). A exposição radiante na base da Tetric EvoCeram 
Bulkfill foi 2,2±0,2 J/cm2 com o fotoativador monowave e 1,6 ± 0,3 J/cm2 com o 
fotoativador polywave. Para SonicFill 2, a exposição radiante na base foi 0,4±0,1 
J/cm2 para ambos fotoativadores. Não houve diferença no perfil de cura dos 
compósitos utilizando monowave ou polywave (p=0,9) e também não houve 
  
diferença entre as regiões de emissão azul, violeta e a sobreposição entre elas para 
o fotoativador polywave (p=0,9). Não houve diferença significativa no grau de 
conversão para SonicFill 2 com fotoativadores monowave ou polywave (p=0,29) em 
qualquer profundidade, enquanto que a Tetric Evoceram Bulkfill apresentou maior 
grau de conversão até 2 mm de profundidade quando o fotoativador polywave foi 
utilizado (p<0,004); porém, não houve diferença estatística a partir de 2,5 mm de 
profundidade. Pode-se concluir que fotoativadores monowave e polywave emitem 
feixe de luz não homogêneo e a heterogeneidade do feixe de luz não afeta o grau de 
conversão ou a profundidade de cura de compósitos bulkfill. Para compósitos bulkfill 
que contenham CQ associada a outros fotoiniciadores alternativos é recomendado 
que sejam utilizados fotoativadores polywave. 
 
Palavras Chave: compósitos, grau de conversão, luz de cura dental, fotoiniciadores 
de resinas dentárias. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
ABSTRACT 
 
The aim of this study was to evaluate the beam profile and the spectral output of 
monowave and polywave light emitting diodes (LEDs) and its influence on the degree 
of conversion (DC) of bulkfill composites containing different photoinitiators.  A 
monowave LED (Smartlite Focus, Dentisply) and a polywave LED (Valo Cordless, 
Ultradent) were characterized by: spectrometric analyses (n=3) (CheckMARC) for 
radiant emission (mW/cm2) measurement, spectrophotometric analyses (n=3) 
(MARC Resin Calibrator) for spectral irradiance (mW/cm2/nm) and a laser beam 
profile analysis (n=3) (LBA-USB-L070 Beam Profiler). Two bulkfill composites: Sonic 
Fill 2 (SF) containing camphorquinone or Tetric Evoceram Bulkfill (TEB) containing 
camphorquinone associated with alternative photoinitiators were placed in custom-
designed molds (n=3) (6x6 mm, 4 mm depth) and photoactivated with the monowave 
or polywave LEDs with 20 J/cm2. The LEDs position was standardized to establish 
the regions influenced by the blue and/or violet LEDs. To map the degree of 
conversion (DC), longitudinal cross-sections (0.5 mm thick) from the center of the 
restoration were evaluated by FT-NIR microscopy. The mapping of the DC was 
performed in each cross-section specimen (6 mm width and 4 mm height), every 0.5 
mm in width and height). For polywave LED the regions under influence of blue LED 
chips were set as mean of points from 0 to 2 mm, the overlap in between blue and 
violet LEDs chips were set as mean of points from 2.5 to 4 mm, and violet LED chip 
were set as mean of points from 4.5 to 6 mm in width. SF and TEB light 
transmittances (n=3) were evaluated during curing through 4 mm thick specimens. 
Data were analyzed using a split-plot ANOVA and Tukey’s test (α=0.05; β=0.2). The 
monowave unit had radiant emittance of 20 J/cm2 over the 420-495 nm wavelength 
range and the polywave unit had radiant emittance of 15.5 J/cm2 over the 420-495 
nm range and 4.5 J/cm2 over the 380-420 nm range. The total radiant exposure at 
the bottom of the Tetric Evoceram Bulkfill was 2.2 ± 0.2 J/cm2 with the monowave 
unit and 1.6 ± 0.3 J/cm2 with the polywave unit. For the Sonic Fill 2, the radiant 
exposure at the bottom was 0.4 ± 0.1 J/cm2 for both units. There was no statistical 
difference in the mean DC for Sonic Fill 2 composites using the monowave or 
polywave LED (p=0.29); TetricEvoceram Bulkfill had higher mean DC when the 
polywave LED was used (p<0.001). However, there were no differences in the curing 
profiles produced by the monowave and the polywave LEDs (p=0.9). There were 
  
also no differences among the different LED regions (blue, violet and overlap) for the 
polywave unit at any depth (p=0.9). We can conclude that monowave and polywave 
LEDs emitted non-homogeneous light beams, but this did not affect the degree of 
conversion or the depth of cure of bulkfill composites. For bulkfill composites 
containing CQ associated with alternative photoinitiators, polywave LED should be 
used. 
  
Key words: composites, degree of conversion, mapping, dental curing lights, dental 
photoinitiators. 
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Introdução 
Para a confecção de restaurações dentais diretas em resina composta 
convencional é necessário que o material seja inserido na cavidade e fotoativado em 
incrementos de até 2 mm de espessura (Rueggeberg, 2002). Essa técnica 
restauradora de inserção incremental é fundamental devido a limitada profundidade 
de polimerização do material e para reduzir a tensão gerada durante a contração de 
polimerização (Ferracane, 2011). Em cavidades extensas, o procedimento 
restaurador das resinas convencionais demanda grande tempo clínico (Bucuta & Ilie, 
2014; Ilie & Stark, 2014; Leprince et al., 2014).  
Com o objetivo de reduzir os passos operatórios e o tempo necessário para 
confeccionar restaurações diretas, foram desenvolvidas as resinas bulkfill. As 
resinas compostas bulkfill pertencem a uma classe de resinas indicadas para 
restauração direta de dentes posteriores que permite a inserção e a fotoativação de 
incrementos de 4 a 5 mm de espessura. Essa nova classe de resina composta inclui 
materiais com baixa viscosidade (flow) e de alta viscosidade que apresentam 
propriedades mecânicas comparáveis às resinas compostas convencionais; porém, 
com menor tensão de contração de polimerização e maior profundidade de 
polimerização que as resinas convencionais (Benetti et al., 2015; Furness et al., 
2014; Ilie & Stark, 2014; Jang et al., 2015; Leprince et al., 2014; Tarle et al., 2014). 
A menor tensão de contração de polimerização se deve ao fato de 
modificações na matriz orgânica desses materiais como: utilização de monômeros 
com alto peso molecular e baixa viscosidade, monômeros com moduladores de 
tensão na cadeia espaçadora e o aumento do tempo da fase pré-gel durante a 
polimerização (Leprince et al., 2013; Pitel, 2013). Os estudos demonstram que os 
materiais bulkfill podem ser inseridos em diferentes  formatos de cavidade sem que 
ocorra deflexão de cúspides ou falhas na interface adesiva (Bucuta & Ilie, 2014; 
Jang et al., 2015; Moorthy et al., 2012). A polimerização de maiores incrementos, 
como nas resinas compostas bulkfill, também é possível pelo desenvolvimento dos 
sistemas de fotoiniciação, das fontes de luz e do aumento da transmitância de luz 
pelo material resinoso, o que permite maior profundidade de polimerização (Bucuta 
& Ilie, 2014; Finan et al., 2013; Jang et al., 2015; Price et al., 2014b; Tarle et al., 
2014). 
Além da composição das resinas compostas, a polimerização depende da 
fotoativação, sendo esta uma etapa essencial para a prática odontológica. A luz 
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visível produzida pelas fontes de luz é direcionada para a superfície do material a fim 
de iniciar a polimerização por adição para formação do polímero resinoso (Price et 
al., 2014b; Rueggeberg, 2011). Para isso, uma adequada exposição radiante é 
fundamental para resultar em restaurações biocompatíveis e com propriedades 
físicas adequadas para garantir grande longevidade clínica (Price et al., 2014b; Price 
et al., 2015). Durante a fotoativação, os compósitos resinosos devem receber dose 
de energia luminosa adequada com comprimentos de onda que excitem os 
fotoiniciadores nesses materiais, para que eles sejam capazes de absorver a 
energia luminosa e gerar radicais livres para iniciar a polimerização (Hadis et al., 
2012; Jandt & Mills, 2013; Leprince et al., 2011).  
Entretanto, a eficiência na polimerização de materiais fotoativáveis decresce 
ao passo que se aumenta a espessura de material a ser fotoativado, haja visto que a 
transmissão da luz emitida pela fonte de luz é atenuada pela absorção e 
espalhamento que ocorre no interior do material. Deste modo, há menor geração de 
radicais livres para iniciar a reação de polimerização (dos Santos et al., 2008; 
Leprince et al., 2012; Shortall et al., 2008). Clinicamente, a exposição insuficiente do 
compósito resinoso à luz promove inadequada polimerização, afetando as 
propriedades químicas e físicas da restauração que, por fim, podem resultar em 
falha clínica prematura em função de cárie recorrente, defeitos nas margens da 
restauração ou até a fratura da mesma (Blay & Price, 2010; Cadenaro et al., 2009; 
Price et al., 2010a; Price et al., 2010b; Tseng et al., 2007).  
Vários fatores podem influenciar no grau de conversão e na taxa de 
polimerização dos materiais resinosos como: espessura, cor, translucidez, tipo do 
fotoiniciador, além de composição e quantidade de partícula de carga do material 
resinoso (Ilie et al., 2013; Price et al., 2014a; Randolph et al., 2014). Outros fatores 
podem estar relacionados às características das fontes de luz: irradiância 
(intensidade) e espectro de emissão (comprimentos de onda emitidos), ou ainda, 
com a técnica de fotoativação: tempo de exposição do material à luz e distância 
entre a ponta da fonte de luz e a superfície do material resinoso a ser fotoativado 
(Michaud et al., 2014; Nomoto, 1997; Price et al., 2014a). 
A necessidade do espectro de emissão em comprimento de onda específico  
para a excitação de fotoiniciadores não era um assunto tão relevante quando as 
lâmpadas halógenas eram popularmente utilizadas, visto que essas fontes de luz 
emitiam amplo espectro de emissão, numa faixa de ~375 nm a ~510 nm. Contudo, 
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os diodos emissores de luz (LED) foram introduzidos no mercado odontológico e, 
rapidamente vêm substituindo as lâmpadas halógenas. A tecnologia dos LEDs 
permitiu a utilização mais eficiente das fontes de luz com melhor custo benefício, 
sendo esses também mais leves, portáteis e possibilitando o uso de baterias 
recarregáveis como fonte de energia(Rueggeberg, 2011). 
A 1ª e  2ª geração de LEDs emitem apenas uma faixa específica de 
comprimento de onda na região do azul (~ 440 a 485 nm). Esse espectro de 
emissão é eficiente na fotoativação de materiais resinosos que utilizam somente a 
canforquinona (CQ) como sistema fotoiniciador em sua formulação, uma vez que ela 
possui pico de absorção no espectro de luz azul, próximo a 470 nm (Michaud et al., 
2014; Rueggeberg, 2011; Rueggeberg & Swift, 2013). 
Entretanto, a CQ vem sendo substituída em materiais comerciais por 
fotoiniciadores alternativos, uma vez que a CQ apresenta coloração amarelada e 
necessita de agentes redutores como aminas terciárias que oxidam com o tempo, 
levando assim a alteração da cor da restauração. Como substitutos a CQ, o fenil 1,2 
propanodiona (PPD), o óxido mono-alquil fosfínico (TPO), o óxido bis-alquil fosfínico 
(BAPO) e a tioxantona (QTX) apresentam picos de absorção de luz em 
comprimentos de onda menores que 420 nm, os quais os LEDs de 1ª e 2ª geração 
não são capazes de promover a excitação desses fotoiniciadores de forma eficaz 
(Ely et al., 2012; Neumann et al., 2005; Neumann et al., 2006; Rueggeberg & Swift, 
2013; Schneider et al., 2008).  
Para compensar essa limitação, LEDs de 3ª geração, também chamados de 
polywave utilizam combinações de chips de LED com diferentes comprimentos de 
onda. Essas fontes de luz emitem um amplo espectro que abrange o comprimento 
de onda necessário para excitação da CQ, assim como de fotoiniciadores 
alternativos (Brackett et al., 2007; Price et al., 2010a; Price et al., 2010b). 
Testes que avaliam a qualidade do feixe de luz por análise específica do perfil 
do feixe de luz, denominado de beam profile, demonstram diferenças na distribuição 
da irradiância e dos diferentes comprimentos de onda das fontes de luz.  A 
quantidade e a posição dos chips de LED dentro das fontes de luz definem a 
distribuição espacial e espectral do feixe de luz, e podem ter influência significativa 
nos materiais resinosos fotoativáveis (Michaud et al., 2014; Price et al., 2010a; Price 
et al., 2014a). 
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Estudos atuais demostram que o padrão de distribuição do feixe de luz tem 
influência significativa na microdureza de compósitos resinosos, e que levam a 
diferentes zonas de polimerização de acordo com o padrão do feixe de luz (Beam 
Profile) (Price et al., 2014a; Vandewalle et al., 2008). Por outro lado, pouco ainda se 
sabe sobre a influência da heterogeneidade do feixe em outras propriedades físico-
químicas de materiais resinosos, principalmente em materiais que permitem a 
fotoativação em incrementos de 4 a 5 mm, como os compósitos restauradores 
bulkfill.  
A influência dessas diferentes zonas de polimerização causadas pela 
heterogeneidade do feixe de luz de diferentes fotoativadores LED torna-se 
clinicamente relevante, pois a longevidade de restaurações poderia ser 
comprometida pela polimerização inadequada em algumas regiões dos compósitos 
resinosos, como é o exemplo de cavidades extensas. Assim, o objetivo neste estudo 
foi avaliar o perfil de emissão de luz de fotoativadores LED e sua influência no grau 
de conversão de compósitos bulkfill contendo somente canforquinona ou 
canforquinona associada a fotoiniciadores alternativos. A hipótese neste estudo é 
que a heterogeneidade do feixe de luz de fotoativadores LED monowave e polywave 
poderia afetar a homogeneidade do grau de conversão de compósitos bulkfill. 
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Capítulo Único: LED beam profile influence on the degree of conversion of 
bulkfill composites 
 
Autoria: Mateus G Rocha; Dayane C R S de Oliveira; Ivo C Correa; 
Lourenço Correr-Sobrinho; Mario Alexandre C Sinhoreti; Jack L Ferracane; Américo 
B Correr. 
 
 
 
 
 
 
Este trabalho foi apresentado no formato alternativo de tese de acordo 
com as normas estabelecidas pela deliberação 002/06 da Comissão Central de Pós-
graduação da Universidade Estadual de Campinas. O artigo referente ao capitulo 
único será submetido a publicação em periódico internacional (Anexo). 
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ABSTRACT 
Objectives: To evaluate the beam profile and the spectral output of monowave and 
polywave light emitting diodes (LEDs) and its influence on the degree of conversion 
(DC) of bulkfill composites. Methods: A monowave LED (Smartlite Focus, Dentisply) 
and a polywave LED (Valo Cordless, Ultradent) were characterized using a Resin 
Calibrator and a laser beam profile analyzer. Two bulkfill composites: Sonic Fill 2 
(SF) containing camphorquinone or Tetric Evoceram Bulkfill (TEB) containing 
camphorquinone associated with alternative photoinitiators were placed in custom-
designed molds (n=3) and photoactivated by the monowave or polywave LEDs with 
20 J/cm2. To map the DC, longitudinal cross-sections (0.5mm thick) from the center 
of the restoration were evaluated by FT-NIR microscopy. SF and TEB light 
transmittances (n=3) were evaluated during curing through 4mm thick specimens. 
Data were analyzed using a split-plot ANOVA and Tukey’s test (α=0.05; β=0.2). 
Results: The monowave LED had radiant emittance of 20±0.5 J/cm2 over 420-495 
nm and the polywave LED 15.5±0.4 J/cm2 over 420-495 nm and 4.5±0.2 J/cm2 over 
380-420 nm. The total radiant exposure at the bottom of TEB was 2.2±0.2 J/cm2 with 
the monowave LED and 1.6±0.3 J/cm2 with the polywave LED and for SF was 0.4± 
0.1 J/cm2 for both LEDs. There were no differences in the curing profiles produced 
either by the monowave or the polywave LEDs (p=0.9) according to the regions 
under influence of blue and/or violet emission at the same depth. There was no 
statistical difference in DC for SF using the monowave or polywave LED at any depth 
(p=0.29); TEB had higher DC up to 2 mm in depth when the polywave LED was used 
(p<0.004), but no differences were found starting at 2.5 mm. Significance: 
Monowave and polywave LEDs emitted non-homogeneous light beams, but this did 
not affect the degree of conversion of bulkfill composites. 
 
Key words: degree of conversion, mapping, light-transmittance, beam profile, 
photoinitiator, bulkfill. 
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1. Introduction 
The photoactivation of resin-based materials is always an important step in 
Dentistry and still a concern for bulkfill composites (1, 2). An adequate radiant 
exposure is essential to produce biocompatible resin-based restorations with 
adequate physical properties to ensure clinical longevity (2-4). However, the 
efficiency of photoactivation decreases with thickness as the radiant emittance is 
reduced due to the absorption and scattering of light within the composite (5-7). The 
light attenuation is higher for the lower wavelengths, such as violet (380-420 nm), in 
comparison to the higher blue wavelengths (420-495 nm) needed to activate the 
camphorquinone (CQ) photoinitiator used in all dental composites. 
As CQ has been partially substituted in some commercial products with 
alternative photoinitiators, such as diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide 
(TPO), that are less yellow and have absorption peaks at wavelengths less than 420 
nm, polywave light-curing units with multiple LEDs possessing different wavelength 
range outputs (blue and violet) (8-10) were designed.  
However, the non-homogeneity of the emitted light beam from these polywave 
units may affect the uniformity of the breadth and depth of the degree of conversion 
(DC) of resin-based materials, especially when CQ is used as the unique 
photoinitiator system (11-13). Moreover, monowave units that emit only blue light 
may also be less efficient for curing resin-based materials containing CQ and 
alternative photoinitiators due to the absence of the appropriate wavelengths (14-16). 
A correlation between the non-homogeneity of the emitted light and spatial 
variations in the microhardness of conventional RBC’s up to 1.2 mm in thickness has 
been demonstrated (12, 17).  However, a recent study on certain bulkfill composites 
did not show an influence of beam inhomogeneity on the cure efficiency throughout 
the entire restoration (18). Also, monowave and polywave LEDs have different beam 
profiles and it might influence the DC of bulkfill composites that contains different 
photoinitiators, which could produce regions within the restoration with varied DC and 
properties and may affect the clinical performance of bulkfill composites 
Thus, the aim of this study was to evaluate the influence of the beam-
profile of monowave and polywave LEDs on the degree of conversion of Bulkfill 
composites containing only CQ or CQ associated with alternative photoinitiators. The 
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hypotheses to be tested were that: 1- monowave and polywave LEDs emit non-
homogeneous light beams; and 2- the beam profile of the monowave and polywave 
LEDs affect the homogeneity of the degree of conversion of Bulkfill composites. 
 
2. Materials and methods  	
2.1. Light-curing unit characterization 
The mean radiant emittance (mW/cm2) of a monowave LED (Smartlite Focus, 
Dentsply, York, PA, USA) and a polywave LED (Valo Cordless, Ultradent, South 
Jordan, UT, USA) were measured using a portable spectrometer-based instrument 
(CheckMARC, BlueLight Analytics, Nova Scotia, Canada) in order to calculate the 
photoactivation time needed to produce a radiant exposure of 20 J/cm2. 
The radiant exposure in the violet range (380-420 nm), blue range (420-495 
nm) and overall range (380-495 nm) for each LED was obtained by integrating the 
irradiance versus wavelength obtained with a spectrometer (MARC Resin Calibrator, 
BlueLight Analytics, Nova Scotia, Canada). The Resin Calibrator has a cosine 
corrected input sensor with a 4 mm diameter aperture that receives light from 180o 
and the light tips of the Valo Cordless and Smartlite Focus are 14 and 10 mm 
diameter, respectively.  
The beam profile of each LED was determined. Radiant exposure distribution 
across the light tip was measured at the emitting surface using a laser beam analyzer 
(Model SP503U, Ophir-Spiricon, Logan, UT, USA). The light from the LED was 
projected onto a diffusive surface of a frosted quartz target (DG2X21500, Thor 
Laboratories, Newton, NJ, USA) and the resulting image was recorded with the 
optical analysis software. Subsequently, filters (Thor Laboratories, Newton, NJ, USA) 
were used to differentiate the spectral output (380-420 nm and 420-495 nm) for each 
image. The images were plotted in color-coded maps in 2D and 3D views according 
to the maximum radiant emittance detected, and areas of higher and lower radiant 
emittance were determined in standard areas of 0.126 cm2 in the regions of 
maximum and minimum radiant emittance detected, respectively. 
 
2.3. Radiant Emittance Transmitted 
Table 1 lists the bulkfill composites evaluated.  
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Light transmittance through each composite was record during curing using 
Smartlite Focus and Valo Cordless. Samples of each bulkfill composite (n=3) were 
placed in Delrin molds (Ø=6 mm x 4 mm thick) placed on the bottom sensor (Ø=4 
mm) of the Resin Calibrator with Mylar strips covering the top and bottom surfaces. 
The spectral radiant power and the radiant exposure transmitted through the bulkfill 
composite on the bottom surface was calculated by integrating the irradiance over 
the different wavelength ranges from the graph of radiant emittance versus 
wavelength obtained with the Resin Calibrator.  
2.4. Mapping of the Degree of Conversion 
Class I restorations (6x6 mm, 4 mm depth) of each bulkfill composite (n=3) 
were produced in a custom-designed transparent polymethylmethacrylate (PMMA) 
(Li) mold (Figure 1a-c) and the photoactivation was performed using each LED with 
20 J/cm2. A jig was made to position the LED reproducibly in order to establish the 
regions of the restoration exposed to the light emitted from the blue and violet LEDs, 
and the overlapping region in between from the polywave unit (Figure 1d). After 24 h 
of dark, dry storage at 37°C, cross-section specimens (6 mm x 4 mm x 0.5 mm thick) 
from the center of the restoration, perpendicular to the top surface and parallel to the 
long axis of the block (Figure 1e) were obtained using an automated water cooled 
low speed diamond saw (Isomet 1000, Buehler Ltd., Lake Bluff, IL, USA).   
 
 
Table 1: Manufacturer, photoinitiator system and composition of each Bulkfill composite evaluated. 
Code Bulkfill composite (Shade/LOT) Manufacturer Photoinitiator system 
Resin 
composition 
Filler amount 
(wt%/vol%) 
Depth of 
Cure§ 
SF SonicFill 2 (A2/4427398) 
Kerr, Orange, CA, 
USA CQ, EDMAB EPO, TEGDMA 
Glass, SiO2, oxide 
(84/66) 5 mm 
TEB 
Tetric EvoCeram 
Bulkfill 
(IVA/P84136) 
Ivoclar Vivadent, 
Schaan, 
Lietchtenstein 
CQ, EDMAB, TPO, 
Ivocerin 
BisGMA, 
BisEMA, UDMA 
Barium glass, 
YbF3, oxide, PPF 
(81/61) 
4 mm 
*Camphorquinone (CQ), diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO), Bisphenol A glycidyl methacrylate 
(BisGMA), Ethoxylated bis-phenol A methacrylate (BisEMA), Urethane dimethacrylate (UDMA), Poly(oxy-1,2-ethanediyl) 
(EPO), Triethylene glycol dimethacrylate (TEGDMA), Ytterbium trifluoride (YbF3), prepolymerized fillers (PPF). 
§ According to the manufacture 
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Figure 1 - Schematic design of the experimental setup. (A) PMMA mold 
with 6x6x4 mm cavity; (B) Bulkfill insertion into the PMMA mold; (C) Mylar strip 
covering the surface; (D) Light curing with 20 J/cm2 using the LED positioned with a 
silicon jig mold; (E) Cross-section of the center of the restoration with blue and violet 
LED emittance regions established; (F) Mapping of the DC using a FT-IR 
microscope. 
 
The specimens were fixed onto a glass slab and placed over an automated x-y 
axis microscope platform. The degree of conversion (DC) was mapped along the 
cross-section (width: 6 mm, depth: 4 mm) using a FT-NIR Microscope (Nicolet 
Continuum, Thermo Scientific, Waltham, MA, USA) coupled to a FT-NIR 
spectrometer (Nicolet Nexus 6700, Thermo Scientific, Waltham, MA, USA) (Figure 
1f). Every 500 µm in width and depth, an infrared spectrum was collected, resulting in 
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117 measuring points for each cross-section. The measurements started from 300 
µm below the top surface in order to avoid area of oxygen inhibition. At each 
measurement position, the specimens NIR spectrums were collected in transmission 
mode with 50 scans of 4 cm-1 of resolution and a detector aperture size of 50. 
Spectra of uncured specimens (n = 3) collected with the same settings were used as 
reference to measure the peak area ratio corresponding to the aromatic and vinyl 
stretching absorptions. The DC (in %) was calculated as follows: 
 
 𝐷𝐶 = 1− !"#$% !"#$ !"#! !"#$!%&' !"#$ !"#!   !"#!"#$% !"#$ !"#! !"#$!%&' !"#$ !"#! !"! !"#  𝑥 100,  
 
where pol and non-pol correspond to the area of the methacrylate peak for the 
polymeric and monomeric states, respectively.    
The results were exported into mapping software (OriginPro 2015, OriginLab 
Co., Northampton, MA, USA) and color-coded maps were created to describe the DC 
as a function of position under the light beam in width (0 to 6 mm) and in depth (0 to 
4 mm). For polywave LED the regions under influence of blue LED chips were set as 
from 0 to 2 mm, the overlap in between blue and violet LEDs chips were set from 2.5 
to 4 mm, and violet LED chips were set from 4.5 to 6 mm in width. Also, The map 
scales were set to indicate the maximum DC achieved with the bulkfill composites 
and a reduction of 10% of the maximum DC in each color-coded area.  
2.5. Statistical analysis 
A split-plot analysis of variance (ANOVA) was used for the statistical analysis 
of the DC values. The Tukey’s test was applied for multiple comparisons (α=0.05) for 
each the different bulkfill composites (SonicFill 2 and Tetric EvoCeram Bulkfill). The 
independent variables were set as between subject groups for LEDs (monowave or 
polywave) and within subject groups for LED emittance regions in width (0 mm, 0.5 
mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5 mm, 4 mm, 4.5 mm, 5 mm, 5.5 mm 
and 6 mm) and depths (0 mm, 0.5 mm, 1 mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm, 3.5 
mm and 4 mm) below the tip of the LED. For polywave LED the regions under 
influence of blue LED chips were set as mean of points from 0 to 2 mm, the overlap 
in between blue and violet LEDs chips were set as mean of points from 2.5 to 4 mm, 
and violet LED chips were set as mean of points from 4.5 to 6 mm in width. Power 
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analysis was conducted to determine sample size for each experiment to provide a 
power of at least 0.8 at a significance level of 0.05 (β=0.2).  
 
3. Results 
3.1. Light-curing unit characterization 
Table 2 shows the mean radiant emittance and the total radiant exposure 
within each wavelength range (380-420 nm and 420-495 nm) for each LED.  
 
Table 2 - LED units: mean radiant emittance (mW/cm2) and radiant exposure  (J/cm2) according to the different 
wavelength ranges. 
Light-curing unit Mean radiant emittance (mW/cm2) 
Time of 
exposure (s) 
Wavelength ranges 
(nm) 
Radiant exposure 
(J/cm2) 
SmartLite Focus 1000  20  420-495 20 ± 0.5 
VALO Cordless 954 21 
380-420 4.5 ± 0.2 
420-495 15.5 ± 0.4 
 
Figure 2 illustrates the beam profile of both LED units in 2D and 3D of 420-495 
nm and 380-420 nm wavelength ranges. Smartlite Focus had an active area of 
emission of 0.352 cm2 and a maximum radiant emittance of 1850 mW/cm2, but the 
radiant emittance was not homogeneously distributed across the tip. A high emission 
(1082 mW/cm2) was localized in a small area (0.126 cm2) at the center of the light tip 
(red dash circle). An area of lower radiant emittance (534 mW/cm2) was localized at 
the periphery of the light tip with (blue dash circle). Valo Cordless had an active area 
of emisson of 0.750 cm2 and a maximum radiant emittance of 1449 mW/cm2, but the 
radiant emittance and the wavelength emission was not homogeneously distributed 
across the tip. For blue wavelenght emisson, localized standard areas of higher 
radiant emittance with 1085 mW/cm2 and lower radiant emittance with 397.5 mW/cm2 
were seen. For violet light, localized area of higher radiant emmitance with 431 
mW/cm2 and lower radiant emittance with 50 mW/cm2 were seen. 
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Figure 2 - Beam profile images of LED units (2D and 3D views) within 420-495 nm 
(blue) and 380-420 nm (violet) wavelength ranges. Red dash circles indicate area of higher 
radiant emittance and blue dash circles indicate area of lower radiant emittance. 100% 
normalized radiant emittance were 1850 mW/cm2 for Smartlite Focus and 1449 mW/cm2 for 
Valo Cordless. 
3.2. Radiant Emittance Transmitted 
Figure 3 illustrates the radiant emittance (mW/cm2) versus wavelength (nm) of 
each LED on the top surface of the RBC and through each bulkfill composite. 
Smartlite Focus had a peak emission at 470 nm, as Valo Cordless had 3 peaks of 
emission at 400, 440 and 460 nm. The radiant exposure at the bottom (4mm) of TEB 
was 2.2 ± 0.2 J/cm2 with the Smartlite Focus and 1.6 ± 0.3 J/cm2 with the Valo 
Cordless. For SF the radiant exposure was 0.4 ± 0.1 J/cm2 for both LEDs. 
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Figure 3 - Absolute irradiance (mW/cm2/nm) x wavelength (nm) for bulkfill 
composite cured with each LED unit. (A) Smartlite Focus and Valo Cordless at 0 mm, 
(B) Smartlite Focus through 4 mm thick of SF and TEB, and (C) Valo Cordless 
through 4 mm thick of SF and TEB. 
 
3.3 Mapping of the DC 
Figure 4 shows the mean (±SD) DC in depth of each bulkfill composite 
according to each LED. For SF there was no statistical difference in the DC using 
Smartlite Focus or Valo Cordless LED (df=1 F=1.2 p=0.28) at any depth. However, 
TEB showed higher DC for Valo Cordless than Smartlite Focus up to 2 mm in depth 
(df=1 F=4.9 p=0.04), starting at 2.5 mm there was no statistical difference between 
Valo Cordless and Smartlite Focus. 
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Figure 4 - Mean DC (%) at 0 to 4 mm in depth of each bulkfill composite according to 
the different LED unit.  
 
 
 
Figure 5 illustrates the mapping of the DC of each bulkfill composite according 
to the different LEDs. Comparing point by point in width throughout the sample, 
Smartlite Focus showed no statistical difference in the DC for both SF (df=16 F=0.5 
p=0.93) and TEB (df=16 F=0.1 p=0.9) at any depth. Also, Valo Cordless showed no 
statistical difference among the blue, violet and overlap regions for both SF  (df=16 
F=0.6 p=0.86) and TEB (df=16 F=0.12 p=0.9). Also, there was no statistical 
difference between SmartLite Focus and Valo Cordless in the same region (width 
and depth) of the sample for SF (df=32 F=0.57 p=0.96) and TEB (df=32 F=0.1 
p=0.99).  
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Figure 5 - Mapping of the DC (%) of Bulkfill composites according to the different 
LED emittance regions (blue, violet and the overlap in between blue and violet) of LED units. 
 
4. Discussion 
An important step before the photoactivation of RBCs is the assessment of the 
LCU, because the energy delivered to the surface of the RBCs should be sufficient to 
provide adequate cure of the material (2, 3). This is necessary because while the 
same radiant exposure may be emitted by two different LCUs, the spectral power 
distribution could be completely different (3, 9, 13).  
Table 2 shows the same total radiant exposure for the Smartlite Focus and the 
Valo Cordless (±20 J/cm2). Since Smartlite Focus is a monowave LED and emits only 
a single, narrow Gaussian band with a wavelength peak at 470 nm, the radiant 
exposure emitted by this light is all within the blue range. In contrast, the Valo 
Cordless is a polywave LED with 3 emission peaks at 400, 440 and 460 nm; thus 
some of the spectral power is emitted in the violet region and (4.5 J/cm2) and the 
majority in the blue region (15.5 J/cm2). 
This study verified that monowave and polywave LEDs have differences in 
radiant emittance and wavelength distribution across the light tip as demonstrated in 
the beam profile images (Figure 2) (12, 13). The monowave LED has one LED chip 
localized at the center of the tip; thus, an area of higher radiant emittance is clear 
near this region. The polywave LED has 4 LED chips and the beam profile results 
corroborated that the different LED chips are widely spatially separated (9, 19). Thus, 
the first research hypothesis, that the monowave and polywave LEDs emit a non-
homogeneous light beam could not be rejected. Clinically this means that the 
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orientation and positioning of the LED might affect both the irradiance and 
wavelength received by different locations within the restoration (12, 13, 17).  
Despite the non-homogeneous light beam emitted by both LEDs, the results 
showed that the curing profile of each bulkfill composite was similar for both LEDs. 
The distance in width and depth from the position of the LED chips of the monowave 
and polywave LEDs have no influence on the DC at any depth for SF or TEB. High 
viscosity bulkfill composites such as SF and TEB are highly filled materials that 
contain 84/66- and 81/61- wt%/vol% of filler particles, respectively, as showed in 
table 1. The mismatch between the refractive index of the filler particle and organic 
matrix causes light scattering and thus, the light emitted by LEDs is scattered through 
the composite and a diffuse reflection likely spreads light throughout the sample. 
Although the non-homogeneous radiant emittance over the top of the sample, the 
irradiance spread within the sample could have provided a more homogeneous DC 
(6, 7). Then, the second research hypothesis that the beam profile of the monowave 
and polywave LEDs affect the homogeneity of the DC of bulkfill composites was 
rejected. 
Despite the beam profile of the monowave and polywave LEDs had no 
influence on the DC, the spectral output of the LEDs had a significant impact on the 
DC in depth for bulkfill composites containing CQ associated with alternative 
photoinitiators, such as TEB.  
The mean DC for TEB using the monowave LED was lower than that achieved 
with the polywave LED, and this can be explained due to the radiant emittance of the 
monowave LED and photoinitiator systems used in TEB.  TEB has a combination of 
3 photoinitiators systems: a Norrish type II photoinitiator system, CQ associated with 
EDMAB (tertiary amine) and 2 Norrish type I photoinitiator systems, TPO and a 
benzoyl germanium (Ivocerin).  CQ and EDMAB photoinitiator system absorbs light in 
the blue range from 420 to 495 nm with peak absorption at 470 nm, Ivocerin absorbs 
light in the violet and blue ranges from 370 to 510 nm with peak absorption at 418 nm 
(16) and TPO absorbs light in the violet range from 350 to 420 nm with peak 
absorption at 370 nm. As Smartlite Focus only emitted light within the blue range 
from 440 to 495 nm where CQ heavily absorbs and light at these wavelengths was 
able to penetrate through a 4 mm thickness of the composite (Figure 3), only CQ and 
EDMAB photoinitiator system was excited by the LED emission and generated free 
radicals to initiate the polymerization throughout the restoration. Thus, the monowave 
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LED was not efficient to cure TEB once the spectral output of the LED did not 
correspond with spectral absorption of all photoinitiator systems in the composition, 
then when the narrow spectrum emission of the monowave LED is used instead of 
the broad-spectrum of the polywave LED, there might be a reduction in DC for TEB. 
Despite the higher mean DC for TEB using the polywave LED rather than the 
monowave LED, this difference was not significant at all depth. As shown in figure 4, 
from the top surface (0 mm) to 2 mm in depth, TEB had higher DC when cured using 
the polywave LED, but beyond 2.5 mm no statistical difference was found between 
Smartlite Focus and Valo Cordless. Valo Cordless emits light that can be absorbed 
by CQ, TPO and Ivocerin and a higher DC might be expected, once these 
photoinitiator systems in the TEB composition would work in synergism generating 
more free radicals than CQ alone. But, only blue light from 420 to 495 nm was 
capable of penetrating through the 4 mm thick composite and then only CQ and 
Ivocerin would be excited by the polywave LED emission at deeper portions. This 
means that TEB combines 3 photoinitiators with 3 absorption peaks that should work 
in synergism to ensure adequate cure of the composite, but this photoinitiator 
combination was effectively just at the top part of the restoration up to 2 mm. 
Therefore, photoinitiator systems with lower wavelength absorption than blue did not 
improve the DC at greater depths because the light that activates these 
photoinitiators are attenuated through the RBC and could not reach deeper areas of 
the restoration.  
When TEB was cured with the Smartlite Focus, the color-coded map of DC 
showed areas in yellow that correspond to less than 80% of the maximum DC 
achieved for this composite. Previous studies have suggested that a hardness or DC 
of at least 80% of the maximum attainable is considered to be adequately cured (5, 
20), but the statistical analyses used in this study showed no significance difference 
for these areas.  Despite no differences for the same point in the graph (width and 
depth) between Smartlite Focus and Valo Cordless, when the mean of points of all 
area of the map is considered, Smartlite Focus has lower DC than Valo Cordless. 
Small differences for the same region could not be significant different, but if these 
small differences are sum it could have statistical difference in the overall mean 
between the groups. 
For SF, no differences were found in the DC between LEDs at any depth. SF 
has only CQ and EDMAB as the photoinitiator system, which heavily absorbs at blue 
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wavelength range. Although the monowave LED emitted higher radiant exposure 
within the blue range from 420 to 495 nm over the top of the samples, the same 
radiant exposure (0.4 J/cm2) was transmitted through the samples during curing, and 
this might explain the similarity in DC of this composite.  
Thus, for bulkfill composites containing only CQ as the photoinitiator system, 
the use of either monowave or polywave LCU did not affect the DC or homogeneity 
of cure. However, for bulkfill composites containing CQ associated with other 
photoinitiators with lower wavelength absorption, the use of a monowave LCU 
resulted in reduced DC. Further studies are being conducted in order to evaluate if 
the same behavior will occur in Class II restorations due to the presence of a dentin 
barrier between the overlapping of blue and violet emittance from a polywave LED. 
 
5. Conclusion 
The monowave and polywave LEDs used in this study emitted non-
homogeneous light profiles, but the non-homogeneity of the light beam did not affect 
the homogeneity of the DC of the bulkfill composites tested. For composites 
containing CQ associated with alternative photoinitiators, polywave LCUs should be 
used to obtain higher DC throughout the material. 
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Conclusão 
Com os resultados deste estudo in vitro as seguintes conclusões podem ser 
assumidas: fotoativadores de LED monowave e polywave emitem feixe de luz não 
homogêneo mas a heterogeneidade do feixe de luz não afeta a homogeneidade do 
grau de conversão de compósitos bulkfill. Entretanto, para compósitos contendo CQ 
associado a fotoiniciadores alternativos, fotoativador polywave deve ser usado para 
obter maior grau de conversão através do material. 
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